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EXECUTIVE SUMMARY

A. OBJECTIVE

The purpose of this report is to describe the work carried out at Auburn University during the
first year of the research project "Subsurface Transport of Hydrocarbon Fuel Additives and a
Chlorinated Solvent", supported by the Armstrong Laboratory, Headquarters Air Force Civil
Engineering Support Agency, Environics Division, under contract F08635-93-C0071.

B. BACKGROUND

This project is focused on the subsurface environmental behavior of quadricyclane, which is a
light nonaqueous-phase liquid (LNAPL) cyclic hydrocarbon fuel additive, and on the behavior of
tetrachloethylene, or, as it is also called, perchloroethylene (PCE), which is a dense nonaqueous-
phase liquid (DNAPL) chlorinated hydrocarbon solvent. There is very little information available on
the subsurface chemical reactions and transport behavior of quadricyclane. This project includes a
literature review on quadricylane chemistry and physical properties, and a series of laboratory
experiments in batch reactors, soil columns and a flow container to improve the present understanding
of quadricylane chemistry and transport behavior in four selected field soils. Regarding the
subsurface transport behavior of perchloroethylene (PCE), the project includes a number of detailed
laboratory experiments in flow columns and flow containers, utilizing a unique dual-energy gamma
radiation system to measure water and PCE saturations, to provide detailed quantitative data sets on
the multiphase transport of PCE in homogeneous and heterogenous porous media. Such detailed
quantitative data sets are presently lacking.

Various tasks have been defined as part of the project and a number of these tasks have been
completed during the first year. The tasks that have been completed during the first year include a
literature review on the properties of quadricyclane (namely, Task 1.1), the collection and
characterization of a set of field soil samples for use in tests with quadricyclane (Task 1.2), initial
chemical characterization of quadricyclane (Task 1.3), one-dimensional (1-D) transport experiments
with PCE in laboratory columns with homogeneous porous media (Task 2.1), and the design and
construction of a laboratory flow container for performing two-dimensional (2-D) transport
experiments with PCE and quadricyclane (Task 2.2). In addition to these completed tasks, work has
been initiated and is continuing on a number of other tasks, including laboratory batch and column
experiments with quadricyclane and test soils (Task 1.4) and 1-D transport experiments with PCE in
laboratory columns with heterogeneous porous media (Task 2.3). Although not yet initiated, a series
of 2-D transport experiments will be performed during the second year of the study with
quadricyclane (Task 1.5) and with PCE (Task 2.4) in laboratory flow containers packed with porous
media, and most of the preparatory work necessary for the initiation of these tasks has been

completed.
C. SCOPE

This report is organized into several sections each devoted to a particular task. For convenience,
the literature references for each section are listed at the end of the particular section. Section I
provides an introduction. Section II contains the literature review on properties of quadricyclane.
Section III presents the laboratory chemical analyses of quadricyclane and its reaction products.
Section IV describes the collection and analysis of the test soils. Section V presents the batch
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experiments with quadricyclane and test soils, and Section VI is devoted to the 1-D column
experiments with PCE. Section VII describes the experimental setup for the 2-D flow container
experiments. Finally, the conclusions are presented in Section VIIL

D. CONCLUSIONS

This report describes the work performed during the first year of this project. The project is on
schedule and there are no current or anticipated problems. All the tasks planned for the first year
have been completed, and the preparatory work necessary for the initiation and performance of the
remaining tasks has been either completed or is very close to completion. During the second year.
work will be initiated on the planned 2-D transport experiments with quadricyclane and PCE (namely,
Tasks 1.5 and 2.4). In addition, work will continue on additional batch and 1-D transport
experiments with quadricylane and test soils (Task 1.4), and on additional 1-D transport experiments
with PCE with heterogeneous porous media (Task 2.3).

vi
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SECTION 1
INTRODUCTION

A. OBJECTIVE

The objective of this report is to provide a description of the work done at Auburn University
during the first year of the research project entitled "Subsurface Transport of Hydrocarbon Fuel
Additives and a Dense Chlorinated Solvent", sponsored by the Environics Division of the
Headquarters Air Force Civil Engineering Support Agency under contract F08635-93-C-0071. The
project was initiated on July 1. 1993.

B. BACKGROUND

The project is focused on the subsurface environmental behavior of quadricyclane, which is a
light nonaqueous phase liquid (LNAPL) cyclic hydrocarbon fuel additive, and on the behavior of
tetrachloroethylene, or, as it is also called, perchloroethylene (PCE), which is a dense nonaqueous
phase liquid (DNAPL) chlorinated hydrocarbon solvent. Various tasks have been defined as part of
the project and a number of these tasks have been completed during the first year. The tasks that
have been completed during the first year include a literature review on the properties of
quadricyclane (namely, Task 1.1), the collection and characterization of a set of field soil samples for
use in tests with quadricyclane (Task 1.2), initial chemical characterization of quadricyclane (Task :
1.3), one-dimensional (1-D) transport experiments with PCE in laboratory columns with homogeneous
porous media (Task 2.1), and the design and construction of a laboratory flow container for
performing two-dimensional (2-D) transport experiments with PCE and quadricyclane (Task 2.2). In
addition to these completed tasks, work has been initiated and is continuing on a number of other )
tasks, including laboratory batch and column experiments with quadricyclane and test soils (Task 1.4)
and 1-D transport experiments with PCE in laboratory columns with heterogeneous porous media
(Task 2.3). Although not yet initiated, a series of 2-D transport experiments will be performed
during the second year of the study with quadricyclane (Task 1.5) and with PCE (Task 2.4) in
laboratory flow containers packed with porous media, and most of the preparatory work necessary for
the initiation of these tasks has been completed.

C. SCOPE

This report is organized into several sections each devoted to a particular task. For convenience,
the literature references for each section are listed at the end of the particular section. Section II
contains the literature review on properties of quadricyclane. Section III presents the laboratory
chemical analyses of quadricyclane and its reaction products. Section IV describes the collection and
analysis of the test soils. Section V presents the batch experiments with quadricyclane and test soils,
and Section VI is devoted to the 1-D column experiments with PCE. Section VII describes the
experimental setup for the 2-D flow container experiments. Finally, the report is concluded with
Section VIIL



SECTION II
LITERATURE REVIEW ON PROPERTIES
OF QUADRICYCLANE

A. INTRODUCTION

This section presents a review of the literature on the properties of quadricyclane and on its
possible reactions in the subsurface environment.

The literature search for publications was divided into two parts. Initially, an extensive
bibliography on quadricyclane was obtained, using the Chemical Abstract Service of the American
Chemical Society. This information was used to investigate possible chemical reactions of
quadricyclane. Additional information was obtained from the Applied Science and Technology Index,
the Biological and Agricultural Index and the General Science Index. These references, however,
provided no information on the behavior of quadricyclane in the soil environment. Subsequently, we
concluded from the literature that quadricyclane behaves as a nonaqueous phase liquid (NAPL).
Therefore, several reviews on NAPLs like those by Mercer and Cohen (1990), Cohen and Mercer
(1993), Mackay et al. (1985), Huling and Weaver (1991) were employed to identify important
parameters concerning the fate of NAPLs in the subsurface. The collected literature was then searched
for information on these parameters for quadricyclane. In cases where the literature did not report the
important parameters, we attempted to estimate the values by investigating parameters tor comparable:
compounds or by giving ranges which can be expected for NAPLs. Finally, all the collected data was
used to develop hypotheses concerning the behavior of quadricyclane in soils.

The first part of this review provides an overview of chemical properties of quadricyclane, as
presented in the literature. The second section deals with thermodynamic and spectroscopic data of
quadricyclane and norbornadiene. The third part of this review describes physical properties which
are important for the fate and transport of quadricyclane in the subsurface. The review is concluded

with a summary and conclusions section.

All data in this section are given in SI units, except for infrared frequencies which are commonly
reported in cm™.

B. CHEMICAL PROPERTIES

Quadricyclane, (C;H,, quadricyclo[2.2.1.03‘6.03"]heptane) is commercially available from Aldrich
Chemical Company. This thermally stable saturated hydrocarbon, is a relatively nonvolatile colorless
liquid in its standard state (boiling point, 381 K at 9.9 X 10* Pa.: flash point. 284 K) (Aldrich
Chemical Company, 1992; Domanski and Hearing, 1990; Gladysz et al., 1979).

Quadricyclane and substituted derivatives can be prepared by direct irradiation or by the
photosensitized isomerization of norbornadiene or substituted derivatives of norbornadiene (Cristol
and Snell, 1958; Hammond et al., 1961, 1964; Smith, 1973). This reaction and structures of
norbornadiene and quadricyclane are shown in Figure 1.



Direct or Photosensitized
Irradiation

2,5-norbornadiene quadricyclane
bicyclo(2.2. Dhepta-2,5-diene quadricyclo(2.2.1.0%%.0**)heptane

Figure 1. Synthesis of Quadricyclane from Norbornadiene.

The reverse isomerization has been observed when quadricyclanes are reacted with various
transition metal complexes. Effective catalysts for the reverse isomerization are: *-(norbornadiene)
dichloropalladium (II) (Borsub and Kutal, 1984), metal atoms (Gladysz et al., 1979) and rhodium
catalysts (Cassar et al., 1970; Wiberg and Connon, 1976; Gassman et al., 1968; Hogeveen and
Volger, 1967). Quadricyclane derivatives containing polar substituents (COOH, CONRR", COOCH,)
isomerize when heated in an aqueous alkaline solution containing a water soluble cobalt-phorphyrin -
complex (Co-TPPC) as shown in Figure 2 (Maruyama and Tamiaki, 1986). However, these workers
found the quadricyclane derivatives to be thermally stable in aqueous sodium carbonate and to be
unreactive to water at room temperature. To our knowledge, this is the only reported work where
water was used as a solvent.

_R Co-TPPC R

COOH COOH

R= COOH, CONH; and substituted amides, COOCHj,

Figure 2. Catalyzed Isomerization of Substituted Quadricyclanes by a Cobalt Phorphyrin
Complex in Aqueous Solution.




Schiff’s base complexes of cobalt have also been shown to catalyze the conversion of
quadricyclane into norbornadiene as shown in Figure 3 (Wohrle et al., 1983).

Figure 3. Isomerization of Quadricyclane to Norbornadiene by Schiff’s Base Cobalt Complexes.

Fate of a cyclic hydrocarbon, like quadricyclane, in the aqueous environment must take into
account the possibility of isomerization to the corresponding diene. Thus, the reactivities of
quadricyclane and of norbornadiene must be considered.

Quadricyclane is highly strained and is thus reactive. It reacts with acetic acid to give a mixture
of nortricyclyl acetate and exo-norbornyl acetate and it reacts with bromine to give 2,6-
dibromonortricyclene and exo-5-anti-7-dibromonorbornene (Figure 4: Dauben and Cargill. 1961:

Tabushi et al., 1976).

HOC(O)CH3 OC(0)CHj OC(0)CHj4
r H + H
Br
Br
Br
l +
Br

Figure 4. Reactions of Quadricyclane with Acetic Acid and with Bromine.
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Reactions with electrophiles such as phosphenium ions (R,P*) will occur (Figure 5. Weissman
and Baxter, 1987). The products shown in Figure S are due to the phosphenium ion bridging the 1.5
positions of the quadricyclane ring rather than the 2.3 positions.

P+ -+ _-—> ‘_—'»

RoN P P
. \\\\" \\\‘ \

\ Y R0

\

//
\___> P'RR'

N\

Figure 5. Reaction of Quadricyclane with Phosphenium lons.

Electron transfer reactions can also occur as evidenced by the reaction of quadricyclane with Ag’
(Figure 6; Koser and Faircloth, 1976).

— + Ag°

CH;0 OCHj

Figure 6. Oxidation of Quadricyclane by Silver(l).

The half-wave oxidation potential of quadricyclane in acetonitrile is 0.91 v versus a saturated
calomel electrode (Gassman and Yamaguchi, 1982). This is a full volt lower than most other saturated
hydrocarbons and the quadricyclane structure is more easily oxidized than norbornadiene which has a

half-wave oxidation potential of 1.56 v.




Quadricyclane also undergoes cycloaddition reactions with a variety of dienophiles such as
tetracyanoethylene to give 1:1 adducts (Figure 7; Smith, 1966).

CN

+ ——
/ ~N
CN CN : CN

CN

Figure 7. Reaction of Quadricyclane with Tetracyanoethylene.

Norbornadiene undergoes reactions typical of olefins. Thus electrophilic additions. such as the
addition of acids or water in acid solution across the double bonds are likely, as are radical reactions,
cycloadditions, oxidation at the double bond site, and the electrophilic addition of heavy metal
compounds such as mercuric acetate.

The COD (Chemical Oxygen Demand) and the BOD (Biological Oxygen Demand) of
norbornadiene have been determined in waste water obtained from a biological sanitary waste water
treatment plant. The BOD analysis gave a value of 0.23 kg of oxygen /kg of norbornadiene and the
COD was 2.36 kg oxygen/ kg of norbornadiene, suggesting low biodegradability over the five day

period studied (Bridie et al., 1979).
C. SPECTROSCOPIC AND THERMODYNAMIC DATA

The first part of this section deals with spectroscopic properties of quadricyclane and
norbornadiene molecules. These are important for analytical detection purposes. The remainder of the
section provides an overview of thermodynamic properties of both compounds.

The 'H nuclear magnetic resonance (NMR) spectrum of quadricyclane consists of resonances
centered at 1.40 and 2.00 ppm, relative to tetramethylsilane, with an area ratio of 3:1. Thus the 1.4
ppm resonance is due to the protons attached to carbon 1-6 and the 2.00 ppm resonance is assigned to
the protons attached to carbon 7. The infrared spectrum (carbon tetrachloride solution) consists of
carbon-hydrogen stretching vibrations that appear as well resolved bands at 3069, 2929, and 2852 cm’

! (Smith, 1971; Dauben and Cargill, 1961).

The 'H NMR spectrum of norbornadiene consists of resonances centered at 2.00, 3.50 and 6.75
ppm, relative to tetramethylsilane, with an area ratio of 1:1:2. The 2.00 ppm resonance is assigned to
the protons on carbon 7, the 3.50 resonance to the protons on carbon 1 and 4 and the 6.75 resonance
to the olefinic protons on carbon 2.3.5.6. The most important feature of the infrared spectrum is the
cisoid olefinic CC stretch at 725 cm™ (Pouchert, 1983; Dauben and Cargill, 1961).

A number of reports have been published on thermodynamic data for quadricyclane. A summary
of the available data is presented here. Reported molar heat capacity data (at constant pressure) for
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quadricyclane and norbornadiene are 139.13 J/(mol.K) for quadricyclane and 116.10J /(mol.K) for
norbornadiene (Hall et al., 1973). Other workers report molar heat capacities of 157.6 J/(mol.K) for
quadricyclane and 161.2 J/(mol.K) for norbornadiene at 298.15 K (Domalski and Hearing, 1990).

The formation enthalpies based on calorimetric measurements of quadricyclane and norbornadiene
are 325 + 4 kJ/mol and 233 + 4 kJ/mol, respectively (Kabakoff et al., 1975). The formation
enthalpies as determined by combustion calorimetry are 253.3 + 1.088 kJ/mol for quadricyclane and
211.7 + 1.088 kJ/mol for norbornadiene (Hall et al., 1973).

We can calculate the reaction enthalpy of the isomerization of quadricyclane into norbornadiene
by subtracting the formation enthalpy of norbornadiene from that of quadricyclane. The reaction
enthalpies are -92 kJ/mol using the data of Kabakoff et al. (1975) and 42 kJ/mol using the
measurements of Hall et al. (1973).

The vaporization enthalpies of quadricyclane and norbornadiene are 36.99 kJ/mol and 32.93
kJ/mol, respectively (Hall et al., 1973).

The isomerization of norbornadiene into quadricyclane has often been investigated as a possible
way to store solar energy. The extra formation enthalpy of quadricyclane, as compared to
norbornadiene, gives quadricyclane a very high enthalpy of combustion. The compound, therefore,
has the potential to be an efficient fuel.

D. PHYSICAL PROPERTIES

This section considers physical properties of quadricyclane which are important in connection
with its behavior in the subsurface environment. First, we discuss fluid properties of quadricyclane
like density, viscosity, interfacial and surface tension, and molecular diffusion. Attention then shifts to
partitioning processes in soils like sorption, dissolution and volatilization.

Quadricyclane is a nonpolar hydrocarbon and is therefore expected to be rather immiscible in
water. It will therefore behave in the soil as a nonaqueous phase liquid (NAPL).

The density of quadricyclane in its liquid form is 919 kg/m® at 293 + 5 K (specific gravity is
0.919) (Aldrich Chemical Company, 1992), which is lower than the density of water. Since the
specific gravity of quadricyclane is less than unity, the liquid will behave as a light nonaqueous phase
liquid (LNAPL). If a spill of a NAPL is large enough it will eventually reach the saturated zone in
the subsurface. Here a LNAPL will start floating and spreading laterally above the capillary fringe
(e.g., Mercer and Cohen, 1990).

The molecular weight of quadricyclane is 0.0921402 kg/mol (Domanski and Hearing, 1990). This
means that the vapor of quadricyclane is denser than air and that gravity will force the vapor plume to
sink in the vadose zone till it reaches the capillary fringe where it will spread laterally (e.g., Mercer
and Cohen, 1990).

No data on the viscosity of quadricyclane could be found in the literature. The structure of the
cyclohexane shows some similarity to that of quadricyclane and therefore we use the viscosity of this
compound as a first estimate for the viscosity of quadricyclane. The viscosity of cyclohexane is 1.073
X 10 kg/(m's) and 0.899 X 107 kg/(m's) at 288 K and 293 K, respectively.
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No data on the interfacial tension for quadricyclane could be found in the literature. However,
interfacial tensions for NAPL-water generally range between 0.015 and 0.05 N/m (Mercer and
Cohen, 1990).

The surface tension of cyclohexane is 2.382 and 0.2564 N/m at 288 and 293 K, respectively
(Deisbach, 1963) (surface tension is defined as the interfacial tension at the intertace between a

substance and its own vapor).

Molecular diffusion coefficients for quadricyclane could not be found in the literature.

No data on aqueous solubility of quadricyclane could be found in the literature. Several methods
have been proposed to estimate the solubility of organic compounds (Y alkowsky, 1992;
Nirmalakhandan and Speece, 1988; Lyman et al., 1982). These methods, however, may not be very
accurate for quadricyclane due to its rather complex structure. Cyclohexane, a compound rather
similar in structure to quadricyclane, has a reported solubility of 56.1 X 107 kg/m* at 293 K (Yaws et
al., 1990). Cyclohexene, which may be compared with norbornadiene has an agueous solubility at
293 K of 213 X 107 kg/m® (Yaws et al., 1990). All immiscible liquids are at least slightly soluble in
water. The solubility in water depends on temperature, cosolvents and salinity (ionic strength)
(Mercer and Cohen, 1990). In the presence of humic substances like fulvic and humic acids, solubility
limits can be two or three times the limits in pure water (Chiou, 1986, Senesi and Chen, 1989).

The presence of NAPLs in the subsurface may be a long term source of pollution as the NAPL
slowly dissolves in water. Factors controlling NAPL dissolution into groundwater include the
aqueous solubility, groundwater velocity, contact area between NAPL and water and the molecular
diffusivity of the dissolved chemicals in water (Mercer and Cohen, 1990).

Because of the low solubility of most organic liquids, the impact of their dissolved molecules on
the viscosity and density of the aqueous phase is generally negligible (Geller and Hunt, 1993). Since
the dissolved NAPL is part of the aqueous phase, it can be transported by advection, diffusion and
dispersion.

According to the manufacturer (Aldrich Chemical Company, 1992), the boiling point is 381 K (at
9.9 X 10* Pa). The vapor pressure of quadricyclane is 453 Pa at 302.7 K (Hall et al., 1973). The
reported data indicate that quadricyclane is not very volatile. Gaseous phase vapors from NAPLs in
the unsaturated zone can be the cause of further contamination of both groundwater and the soil

(Huling and Weaver, 1992).

The behavior of quadricyclane in soils has, to our knowledge, never been investigated. T herefore,
no information on partitioning coefficients related to sorption of quadricyclane in soils is available.
Sorption refers to processes that remove molecules from the fluid phase and adheres them to the solid
phase of the soil. In soils, a distinction has to be made between the organic matter and the soil
minerals. Soil minerals are generally hydrophilic, which means that they are preferentially wetted by
water. Organic matter, however, possesses hydrophilic in addition to hydrophobic sites (Mingelgrin
and Prost, 1989). The uptake of nonionic organic chemicals by soils, containing water, is therefore
controlled predominantly by the organic matter content (Chiou, 1989).

Although the partitioning of quadricyclane has not been investigated, much research has been
done on the partitioning of other dissolved organic compounds between the aqueous and the solid
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phase. So far, no general agreement has been reached on the sorptive mechanisms involved (Chiou,
1989). -Numerous studies by Chiou (e.g. Chiou et al., 1979) show that the isotherms of non-ionic
organic compounds in water are linear up to high relative concentrations (the ratio of equilibrium
concentration to solute solubility). Furthermore, there appears to be no competition between two
hydrophobic organic solutes in the uptake by soils, and the equilibrium heat for solute sorption is
generally less exothermic than the inverse heat of solution into water (Chiou, 1989; Chiou et al.,
1983). These observations lead to the postulation that removal of non-ionic organic compounds from
the soil water consists mainly of solute dissolution into soil organic matter rather than physical
adsorption. The inability of soil particles to adsorb organic solutes can be attributed to the strong
dipole interaction of minerals with water (Goring, 1967), that excludes the organic compound from
this portion of the soil. Mingelgrin and Gerstl (1983), however, point out that a Langmuir equation
(which describes adsorption) also possesses a more or less linear ratio between the concentration of
the solution and adsorbed species at low concentrations and they mention other experiments with
hydrophobic chemicals which show a nonlinear isotherm. Senesi and Chen (1989) argue that the
complexity of uptake processes on soil surfaces cannot simply be defined as an adsorption nor a
partitioning process. They see it as a summation of the many possible mechanisms which are
determined by the structural and chemical parameters of both adsorbed and sorbend.

A summary of the available physical property data on quadricyclane and norbornadiene is
presented in Table 1. Important properties for which data are not available are also indicated in the

table.




TABLE 1. SELECTED DATA ON QUADRICYCLANE AND NORBORNADIENE.

NAPL quadricyclane norbornadiene
Formula C.H; CH,
Formula weight (kg/mol) 0.0921402 0.0921402
Specific gravity (-) | 0.919 0.854
Viscosity [kg/ (m's)] n.a. n.a.

Boiling point (K) 381 362

(at 9.9 X 10* Pa)

Interfacial tension

between
NAPL and water (N/m) n.a. n.a.
NAPL and air (N/m) n.a. n.a.

Aqueous solubility
(mol/m®) n.a. n.a.

Partitioning coefficients
¢) n.a. n.a. .

n.a. = not available

E. SUMMARY AND CONCLUSIONS

In this section, we present a summary of the main findings of this literature review, along with
hypotheses about the expected behavior of quadricyclane in the subsurface.

The chemical and physical properties of quadricyclane have not yet been thoroughly investigated.
Experimental data on its behavior in aqueous systems is very limited and no information on the fate
of quadricyclane in the subsurface is available.

Quadricyclane is expected to behave as a LNAPL in the subsurface environment. The liquid is not
very volatile under natural conditions.

Quadricyclane is very reactive due to its high strain energy. This makes it very likely that the
chemical will undergo reactions in the subsurface environment.

Part of the NAPL will dissolve and become part of the aqueous phase. Aqueous- as well as
nonaqueous-phase quadricyclane will tend to be sorbed into the organic matter.
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Since the minerals, organic matter and the aqueous phase in soils contain a variety of metal
complexes, quadricyclane may isomerize into norbornadiene. The type of cations in the soil and the
stable form of these cationic species depend among others on soil type and pH.

Some compounds in the aqueous phase and the soil organic matter may act as electrophiles, which
might react with quadricyclane to give water soluble derivatives.

Acids in soils may react with quadricyclane. Common acids in soils are, for example, humic and
fulvic acids and inorganic acids like aquated Fe’ and APP*.

Quadricyclane may undergo cycloaddition in soils since a variety of dienophiles can exist in
especially the organic matter (e.g. Meikle, 1972). This may lead to new cyclic derivatives of

quadricyclane.

The strongest oxidizing agents in soils are oxygen in aerobic conditions and nitrate in anagrobic
soils (Bohn et al., 1983). These chemical species may oxidize quadricyclane.

Quadricyclane can be produced by exposing norbornadiene to sunlight. It is therefore unlikely that
the compound will undergo photolytic transformations in the subsurface environment.

It should be noted that isomers, such as norbornadiene, and derivatives of quadricyclane, which
are formed in soils, may react turther to form new species.

When studying the behavior of highly strained hydrocarbons like quadricyclane in a soil
environment, one should consider chemical reactions as a major factor. Each species obtained by
these reactions has its own physical properties. This implies that in order to predict the fate of
strained hydrocarbons in a specific soil, one should understand the chemical and physical behavior of

the chemical and all its reaction products.
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SECTION Il
CHEMICAL ANALYSES OF QUADRICYCLANE
AND ITS REACTION PRODUCTS

A. INTRODUCTION

This section describes the analytical procedures for the quantitative determination of quadricyclane
and its reaction products in aqueous solution.

B. MATERIALS AND METHODS

Dodecane, norbornadiene, 5-norbornaden-2-ol, norcamphor, norborneol and quadricyclane were
obtained from Aldrich Chemical Company and nortricyclyl bromide was obtained from Lancaster
Synthesis, Inc. All were used without further purification. Quadricyclane and norbornadiene purity
was determined by gas chromatography prior to each experiment.

1. Gas Chromatographic Analyses

Analyses were carried out on a Shimadzu GC14 gas chromatograph equipped with a flame
ionization (FID) and an electron capture (ECD) detector, an AOC-17 autoinjector, and a CR501
computing integrator/data processor. The FID was coupled to a Restek RTX-1 capillary column (30
‘m, 0.25 mm ID) and the ECD was coupled to a Restek RTX-volatiles wide bore capillary column (30
m, 0.53 mm ID). All work reported here was analyzed by FID. To a weighed amount of the aqueous
solution (typically 0.4-0.8 grams), 0.4-1.0 grams of a standard solution (881.8 ppm of decane in
isopropanol) was added as an internal standard. In later experiments, an aqueous solution of
isopropanol (96,579 ppm isopropanol) was weighed in as the internal standard. Multiple injections
were made over the range of 0.2 to 1.0 uL. Injections were made at 40°C. After holding for 4
minutes, the temperature was raised at a rate of 25°C/min to 200°C and held at that temperature for
10 minutes. The areas of the components of the solutions were plotted against the areas of the decane
or isopropanol standard for each injection and the data fitted to a linear plot with correlation

coefficients of greater than 0.99 (Figure 8).
2. Mass Spectral Analyses

Mass spectral analyses were carried out on a VG 7070 EHF mass spectrometer equipped with
a Varian 3700 gas chromatograph and a data station. One micro liter aqueous injections were made at
40°C. After holding for 4 minutes, the temperature was raised at a rate of 25°C/min to 200°C and
held at that temperature for 10 minutes. fonization was carried out in the electron impact mode.

3. Solubility Studies of Quadricyclane and Norbornadiene
Early attempts at determining the solubility of quadricyclane in water revealed that
quadricyclane has a great propensity to form micro emulsions in water. This is probably because it

has a high density compared to other hydrocarbons (0.919 g/cm?), very near that of water itself.
Several approaches were carried out to insure that microemulsions were not present.
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Figure 8. Typical Graph Obtained by the Multiple-Injection Method for Determining
Quadricyclane Concentrations.
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a. Centrifugation

One cm® of quadricyclane and 10 cm® of water were shaken mechanically for 15 min and
then allowed to set undisturbed for 1 h. The top layer (excess quadricyclane) was removed by a
pipette and the aqueous layer was transferred to a test tube, centrifuged for 15 min, and then injected
into the gas chromatograph. The average quadricyclane concentration from three runs was 342 ppm.

b. Settling

One c¢m® of quadricyclane was added to 5 cm® of deionized water in a vial fitted with a cap
and shaken by hand for 0.5 h. The cloudy emulsion was allowed to sit undisturbed for two days. A 1
cm® syringe with an 0.1 cm® of air was inserted to the bottom of the vial. The air was injected very
slowly to minimize the disturbance and 1 cm® of the water layer was stowly withdrawn. The syringe
needle